which is not present in the fully assembled snRNPs using angular reconstitution and random conical tilt. ., 1999) . In the first cataa functionally important region of the subsequently lytic step of splicing, the branchpoint adenosine of the formed minor spliceosome, namely those proteins pointron attacks the 5# splice site, leading to the formatentially taking part in the first catalytic step of splicing. tion of a free 3#-OH group at the 3# end of the 5# exon.
models, we have localized SF3b in the 3D U11/U12 diw25 Å resolution. Owing to the high contrast of the raw data, similarities between individual particle images snRNP structure determined by single-particle electron cryomicroscopy. The conformation of SF3b in the U11/ ( Figure 1D , top), class averages (middle row) consisting of three to ten class members, and reprojections (bot-U12 di-snRNP compared with isolated SF3b indicated that it has undergone a structural change. Our results tom row) of the 3D map are readily apparent. The surface representation of the U11/U12 di-snRNP revealed provide first insights into a structural rearrangement that appears to be important for branch-site recognia globular particle with three major protuberances (nos. 1-3) located at the top and two protruding regions (nos. tion and for the molecular architecture of early spliceosomal complexes. 4 and 5) at the bottom ( Figure 1E ). This 3D structure was instrumental in establishing the overall size and gross morphological features of the Results particle, allowing more readily the manual selection of w9000 intact, nonaggregated particles from the images Approaches for Structure Determination of the U11/U12 di-snRNP recorded on film for the second data set. Of this second data set, a minor fraction of very small particles-probIn this study, we present the 3D structure of the human U11/U12 di-snRNP by using a variety of experimental ably representing fragments of the U11/U12 di-snRNP (cf. Figure 1B )-were not selected for image analysis. approaches (see flow chart in Figure S1 available with this article online). For structural analysis, U11/U12 diProjection angles of class averages from the second data set were determined de novo by angular reconstisnRNPs were affinity selected under native conditions by using a biotinylated 2#O-methyl-oligonucleotide and tution without using the 3D structure of the CCD camera data set as a starting model; thus, results from the streptavidin agarose. The protein pattern of purified native U11/U12 di-snRNPs appeared to be identical to two data sets provided independent confirmation of one another. During CTF correction, roughly 3% of all that of particles isolated under denaturing conditions; they contained all Sm proteins, the seven SF3b proindividual images were excluded on the basis of their low quality in average power spectra (Sander et al., teins, and other particle-specific proteins (Will et angle plot of all projection images revealed a distribution over the unit sphere that was nearly random with respect to latitude angles, whereas some preferred oriThe U11/U12 di-snRNP Structure Determined by Angular Reconstitution entations were observed with respect to rotation about the particle's long axis ( Figure 2C ). Two independent data sets of the U11/U12 di-snRNP were imaged. Conditions for the first data set were chosen to give high contrast (recorded on a CCD camera, sample at room temperature), whereas conditions for General Architecture of the Human U11/U12 di-snRNP the second set were designed to give maximum resolution for structure determination (recorded on film, samThe surface representation of the U11/U12 di-snRNP is shown in Figure 2D . To emphasize the higher-resolution ple at liquid nitrogen temperature).
From the first data set recorded on CCD camera, information, the 3D map was bandpass-filtered to 9-20 Å −1 . The boundary of the corresponding unfiltered 2352 particle images were selected interactively, corrected for the contrast transfer function (CTF) (Sander surface encloses a molecular mass of w1.3 MDa, consistent with the predicted mass . The et al., 2003a), and used to compute a 3D structure at U11/U12 di-snRNP is a w26 nm long globular particle in a black dotted line) with a small, elongated hole in the middle. This mass is connected by thin bridges to with a width of 15-17 nm.
The upper region of the U11/U12 di-snRNP contains the top of the complex. The "back" view reveals a deep cleft (no. 9) with a triangular density element in the midthree protuberances (numbered 1-3 in Figure 2D ). One side of the U11/U12 di-snRNP ("front") reveals two addle of the cleft. Another view ("side 2") shows a prominent groove at the bottom with a globular domain lojacent elongated pore-like holes, below which a ladderlike pattern can be discerned (see below). Two protrudcated at the base of this groove (no. 11). ing elements are seen at the lower end and are mainly responsible for the somewhat elongated appearance of Random Conical Tilt Analysis and Determination of Handedness the complex. Of these, one (no. 4) is roughly straight, whereas the other (no. 5) is disc shaped with a central 3D maps obtained from zero-tilt images are ambiguous with respect to handedness. There are two methods to hole. Another view ("side 1") shows in the lower region of the particle a compact mass (no. 7; shown enclosed determine the handedness a posteriori: (1) by perform- such as the two protuberances at the bottom or the top of the particle were very similar in the 3D maps obapplied to determine the handedness of the U11/U12 di-snRNP.
tained from angular reconstitution and from RCT (compare numbered landmarks in Figures 3A, 3C , and 3E). One RCT structure and its untilted class average are presented in Figures 3B (class average) and 3C (surface Thus, RCT not only revealed the handedness of the U11/U12 particle, but it also provided an additional inview); for comparison, Figure 3A shows the structure as obtained in Figure 2D Figures S4, S5 , and S8-S10; Table S1 ). Some of U12 di-snRNP (compare nos. 12 and 14). However, variations appear in the lower left region in both complexes the putative RRM domains were found in close proximity to one another and thus potentially represented the (white asterisks), the region previously proposed to represent a hinge. two adjacent SF3b49 RRMs. Fits of the SF3b49 RRM densities selected manually from the 3D map of isoThus, we could determine the location not only of the first shell half of SF3b but also of the second shell half. (Table S1 ), respectively, supporting this assignment of density to the SF3b49 RRMs.
suggesting a change in SF3b structure upon association with U11/U12 di-snRNPs (discussed in more deThe SF3b49 RRMs together with the ladder-like pattern of the first HEAT repeats and the two holes were tail below). used as a guide to fit the isolated SF3b into the U11/ U12 di-snRNP. Independent confirmation of this location was provided by labeling experiments with antiAdditional Evidence for an SF3b Structural Rearrangement in U11/U12 di-snRNP bodies (see below). The handedness of the U11/U12 di-snRNP determined by RCT was the same as that Additional evidence for a rearrangement in SF3b could be adduced by comparing the inner architecture of the proposed on the basis of rigid-body fitting of isolated SF3b into the U11/U12 di-snRNP, thus providing an intwo complexes. The U11/U12 di-snRNP has a diameter of w135 × 150 Å in the region where SF3b was localdependent confirmation of handedness determined by RCT (see above).
ized, as opposed to w80 × 100 Å for isolated SF3b ( Figure 6A ). If SF3b in its isolated form were fitted di-A detailed comparison of the distribution of density around these anchor points (i.e., the first seven rectly into this region, a large density mismatch would result: a considerable amount of SF3b density would SF3b155 HEAT repeats, the holes, and the SF3b49 RRMs) in the two complexes suggested that the fit be located in regions of U11/U12 di-snRNP lacking such large masses ( Figure 6A , orange asterisks). This could be improved by a rotation of the SF3b49 RRMs with respect to the first seven HEAT repeats ( Figure 4B) . interpretation is also supported by computing CCCs. Indeed, a rotation of 20°resulted in an excellent fit of By using the closed SF3b conformation, as found in (1) the SF3b49 RRMs, (2) additional densities (a-c), and isolated SF3b, a CCC of 0.24 was obtained, confirming (3) one of the holes (red asterisks) to the density of U11/ the described density mismatch ( Figure S6 ). By open-U12 di-snRNP.
ing the two shell halves of SF3b, the CCC was increased to 0.71. To exclude a different orientation of the second SF3b shell half, we analyzed other fits found Location of the Second Shell Half of Isolated by a 3D alignment tool, but these all showed a lower SF3b in the U11/U12 di-snRNP correlation coefficient (0.48-0.58; Figure S6 ) making The structure of isolated SF3b resembles a closed bithose orientations unlikely. valve shell. All of the SF3b anchor points identified in In summary, the data argue for an opening of SF3b the U11/U12 di-snRNP are located in the same half of upon its integration into the U11/U12 di-snRNP. This the SF3b shell. Thus, we next attempted to localize the evidence includes (1) the direct observation of similar second shell half of SF3b. In isolated SF3b, we found densities in isolated SF3b and U11/U12 di-snRNP (Figa kink in the HEAT repeat around tandem helix 7, which ure 4C, numbered elements), (2) the obtained correlawas considered to represent a potential hinge region; beyond this region, the repeats appeared to continue tion maximum after fitting the second shell half into the shown density of the U11/U12 di-snRNP, and (3) a conof SF3b (overlay in Figure 6D ; see also Movie S1). Due to this opening, most of the SF3b densities are accomsiderable density mismatch in the inner architecture of the U11/U12 di-snRNP when SF3b is fitted without the modated in the bottom part of the U11/U12 di-snRNP ( Figure 6E) . Thus, the remaining U11/U12 di-snRNP assumption of a conformational change ( Figure 6A ). This opening involves a rotation of one SF3b shell half components should be found in the upper third of the particle and extend down into the lower half. Large reby w90°plus an additional small tilt in the hinge region around tandem helix 7. The structural differences are gions of density are found between the two SF3b shells, and these may represent interactions between illustrated by the curvature of the HEAT repeats in a closed ( Figure 6B ) and open ( Figure 6C ) conformation SF3b and other U11/U12 di-snRNP components. Position of p14 within the U11/U12 di-snRNP sponding to regions of the β sheet is partly missing (Figure S7D, arrows) . This is also reflected by its lower The location of p14 is important for functional interpretation, as this protein serves as a landmark for the CCC of 0.54. In summary, the most plausible location for p14 is on the outer surface of the U11/U12 displiceosome's active center. In isolated SF3b, p14 is located in the central cavity surrounded by an envelope snRNP. antibody binds to a region in proximity to the functionally important N terminus of the protein, which contains By using this location, a CCC of 0.97 for the RRM fit was obtained (Table S1) , which was the highest of all phosphorylation sites and the p14 binding site, and is located upstream of the N-terminal end of the HEAT putative RRM densities in the U11/U12 di-snRNP (Figures S5 and S8-S10) . motif ( Figure 7A) . Thus, the determination of the binding site of the anti-SF3b155 antibody allowed us to map Another density element adjacent to the putative p14 in U11/U12 di-snRNP also revealed some similarity to independently the N-terminal end of the SF3b155 HEAT repeats and the approximate location of p14 within the an RRM ( Figure S7B ). This density is located in the region where, according to the fit of the N-terminal HEAT U11/U12 di-snRNP. To facilitate the analysis of antibody bound U11/U12 repeats, one might expect to find p14 (Figures S7A-S7C) . However, several observations suggested that di-snRNPs, the latter were fractionated by glycerol-gradient centrifugation to separate binary complexes (i.e., this density is probably not p14. First, it is slightly too small ( Figures S2B, S2C, and S3) . Second, when the one U11/U12 di-snRNP bound by one antibody) from ternary complexes (i.e., two U11/U12 di-snRNPs bound p14 RRM is fitted into this location, density corre-by one antibody). For the binary complexes, 3D reconstudy was raised against a sequence corresponding to aa 99-113 of SF3b155 ( Figure 7A) . Therefore, the spatial struction was performed as described above. However, the conformational heterogeneity of ternary complexes proximity between the anti-SF3b155 antibody binding site and the densities connecting p14 to the rest of the precluded this kind of analysis, and thus, a two-dimensional (2D) analysis was performed.
SF3b particle, as well as its proximity to the SF3b155 HEAT motif, agree well with published biochemical data. Ternary Antibody Bound U11/U12 di-snRNP Complexes as Revealed by 2D Analysis To determine the projection angle of the ternary comDiscussion plexes ( Figure 7B, top) , each particle of the ternary complex was masked manually, leaving only the denArchitecture of the Spliceosomal U11/U12 di-snRNP We describe here the 3D structure of human U11/U12 sity of one U11/U12 di-snRNP particle. All individual projection angles were determined by using exhaustive di-snRNP and the location of some of its major structural elements. To determine this structure, we have apmultireference alignment (MRA) via polar coordinates (Joyeux and Penczek, 2002; Sander et al., 2003b) . For plied two different approaches: (1) angular reconstitution and (2) RCT. These two independent methods graphical evaluation, two copies of the U11/U12 disnRNP structure were rotated by exactly these angles revealed a similar structure, supporting the correctness of the 3D reconstructions. At the level of resolution oband shown as surface views including the antibody ( Figure 7B, bottom) . The U11/U12 di-snRNP pairs were tained by angular reconstitution, the pattern of SF3b155 HEAT repeats and the RRM domains of SF3b49 and p14 found to be oriented in an almost antiparallel fashion, as one would expect when they are connected by an were located within the U11/U12 di-snRNP. Anti-SF3b155 antibody labeling independently supported this assignantibody. In Figure 7C (left), possible regions of the U11/U12-antibody interaction are marked for each ment as the antibody bound in spatial proximity to the N-terminal end of the HEAT repeats. These data played a U11/U12 di-snRNP in the ternary complexes by showing those regions of the particle that were close enough crucial role in the localization of the entire SF3b within the U11/U12 di-snRNP. The structural comparison between to be candidate antibody binding sites. The overlap area of all such individual putative binding regions the U11/U12 di-snRNP and isolated SF3b furthers our understanding of splicing at the molecular level and provides therefore encloses the most plausible binding site of the antibody (Figure 7C, right) . Accordingly, the SF3b155 insights into the architecture of early spliceosomal complexes. antibody binding site is located at the bottom of the U11/U12 di-snRNP, close to the N-terminal end of the SF3b155 HEAT repeats.
Identification of Structural Domains in the U11/U12 di-snRNP Several proteins of the U11/U12 di-snRNP contain known Binary Antibody Bound U11/U12 di-snRNP Complexes as Revealed by 3D Analysis structural domains, including HEAT, RRM, and Sm domains. SF3b155 is predicted to possess 22 tandem-helical In order to more precisely localize the antibody binding site, we determined the 3D structure of the binary com-HEAT repeats (Wang et al., 1998) . At the resolution of the U11/U12 di-snRNP, the most regular parts of the HEAT moplex ( Figures 7D and 7E) . As before, images were taken under two sets of conditions: (1) a high-contrast, lowtif were identified as separated columns, each consisting of two antiparallel helices. Antibody labeling with an antiresolution control (magnification: 150,000× and CCD camera) and (2) a higher-resolution data set (magnificabody recognizing an epitope in some proximity to the N-terminal end of the SF3b155 HEAT repeats and the p14 tion: 50,000×, film, and cryo conditions). Figure 7D shows class averages (first and third row) and reprojecinteraction site independently confirmed this localization. The remaining HEAT repeats appeared as a semicircular tions (second and fourth row); the antibody is visible as an extended region of density (orange arrows). In the ladder-like pattern in the side view of the U11/U12 disnRNP. This pattern was essential for identifying the sec-3D map, the antibody was shown to bind close to one of the holes found above the HEAT repeats, defining the ond shell half within the U11/U12 di-snRNP. Geometrical considerations and analysis of the CCCs calculated for difbeginning of the SF3b155 HEAT motif (left-hand hole in Figure 2D ; the bound antibody is shown in Figure 7E ). ferent conformations provided additional support. Several U11/U12 di-snRNP proteins contain RRM do-A major portion of the antibody density was visible in the 3D map. However, parts of the antibody-such as mains. These proteins include SF3b49, p14, 65K, 35K, 31K, and Urp (Champion-Arnaud and Reed, 1994; Will et al., the connecting loops between the β strands of the immunoglobulin domains of the antibody-are not seen, 2001, 2004) . In the 3D map, we found at least 11 putative RRM domains, the sizes and shapes of which agreed with owing to the flexibility of the antibody. Furthermore, the Fc and unbound Fab fragment are also less clearly those of an RRM. In isolated SF3b, all three identified RRMs belong to the same shell half. Thus, upon moving seen.
Remarkably, the antibody binding site is close to the shell halves with respect to each other, the relative orientation of the RRMs should remain very similar to that found points at which p14 is connected to the SF3b outer shell with the N-terminal SF3b155 HEAT repeats as in isolated SF3b. SF3b49 is predicted to be the only U11/ U12 di-snRNP protein with two adjacent RRMs. U11/U12-suggested both by biochemical data and by our interpretation. Protein-protein interaction studies have 65K also possesses two RRMs, but they are separated by a long stretch of amino acids and are thus unlikely to be shown that p14 interacts with aa 255-424 of SF3b155 (Will et al., 2001) . The antibody used in the present adjacent to one another (Will et al., 2004) . CCCs of SF3b49 RRM densities extracted from isolated SF3b with putative solvent. This conformation allows direct interaction of p14 with the pre-mRNA, without the assumption of additional adjacent RRM domains in the U11/U12 di-snRNP revealed the best fit for those two densities located above the left conformational changes. Whether the opening of SF3b takes place during the assembly of the U12 snRNP or in a hole in the frontal view and were thus assigned to the SF3b49 RRMs, similar to the isolated SF3b. The p14 RRM later step during formation of the U11/U12, di-snRNP is currently unclear. Additional studies of earlier assembly that is connected to densities interacting with SF3b49 in isolated SF3b appears to be located on the surface of the stages might be instrumental in answering this question. U11/U12 di-snRNP. An adjacent putative RRM-like mass could be excluded as p14 because of differences in size, Model for the Structural Rearrangements of Isolated a lower CCC, and a density mismatch for part of the p14 SF3b upon Integration into the U11/U12 di-snRNP β sheet. Furthermore, the U11/U12 di-snRNP can be imOur data reveal different curvatures of the HEAT repeats in munoprecipitated by an anti-p14 antibody directed against isolated SF3b and in the U11/U12 di-snRNP. Comparison the C terminus of p14 (Will et al., 2001 ), indicating that this of these curvatures suggests a rearrangement of SF3b into region of p14 is accessible. In the illustrated location (Fig- an open conformation upon integration into the U11/U12 ure 5B), p14 is found in the outer region of the U11/U12 di-snRNP. The proposed movement of the two shell halves di-snRNP, thereby allowing an interaction with antibody.
can be described by a w90°rotation plus an additional However, in the position of the alternative RRM-like mass, small tilt around the hinge region at helix pair 7. The overall p14 would be located in the inner densities of the U11/ conformation of the HEAT repeats in front of and behind U12 di-snRNP and would thus hardly be accessible to an the hinge region remains largely unchanged. antibody. Attempts to locate p14 directly in the U11/U12 An important question is how such a conformational di-snRNP by using the p14 antibody failed due to insuffichange might be accomplished. A likely candidate domain cient antibody bound particles. The remaining putative that drives this rearrangement might be the SF3b155 HEAT RRM domains were not assigned to specific U11/U12 dimotif itself, as it spans both shell halves of SF3b and consnRNP proteins, owing to the lack of additional structural nects them in the hinge region ( (Figal., 2001 ), raising the question of how this apparent steric problem might be solved. In general, there are two possiure 8), assuming similar SF3b/pre-mRNA interactions in the minor and major spliceosome. SF3b49, SF3b145, bilities enabling an interaction between p14 and the branch site. In the first, the pre-mRNA would be threaded through SF3b155, and p14 have been crosslinked to the branchpoint region of the pre-mRNA in the major spliceosome the openings of SF3b. However, the latter appear to be too small to allow the entry of folded, protein bound pre-mRNA (Champion-Arnaud and Reed, 1994; Gozani et al., 1996 Gozani et al., , 1998 Query et al., 1996) . Parts of the SF3b155, SF3b49, into the inner cavity of SF3b. Therefore, this model would require conformational changes in the protein bound preand p14 proteins are oriented, in proximity to one another, in a straight line on the surface of U11/U12 di-snRNP. The mRNA, including changes in the tertiary structure of the pre-mRNA or the stripping off of proteins from the prepre-mRNA would thus fit nicely into a long groove on the U11/U12 di-snRNP surface that connects the bottom part mRNA. In the second model, SF3b would undergo structural changes in which its conformation would be opened of the U11/U12 di-snRNP, comprising SF3b densities and the top of the U11/U12 di-snRNP. Interestingly, this top reto allow direct access of pre-mRNA to p14.
By comparing the 3D structure of the native U11/U12 digion of the U11/U12 di-snRNP is composed of elements that resemble the U1 snRNP ( 
